Abstract Genome-wide case-control studies have been widely used to identify genetic variants that predispose to human diseases. Such studies are powerful in detecting common genetic variants with moderate effects, but quickly lose power as allele frequency and genotype relative risk decrease. Because patients with one or more affected relatives are more likely to inherit disease-predisposing alleles of a genetic disease than patients without family histories of the disease, sampling patients with affected relatives almost always increases the frequency of disease predisposing alleles in cases and improves the power of case-control association studies. This paper evaluates the power of case-control studies that select cases and/or controls according to their family histories of disease. Our results showed that this study design can dramatically increase the power of a case-control association study for a wide range of disease types. Because each additional affected relative of a patient reduces the required sample size roughly by a pair of case and control, inclusion of cases with affected relatives can dramatically decrease the required sample size and thus the cost of such studies.
Introduction
Genome-wide association studies (GWAS) have identified an enormous number of highly significant and reproducible genetic loci predisposing to complex diseases (Manolio et al. 2008) . Most of the recently conducted studies have sampled cases based only on their phenotypes. This design ensures excellent power provided that the disease-predisposing alleles (DPA) occur sufficiently frequently in the population that they will be selected into the case population and with sufficient marginal effect on the occurrence of the disease so that they concentrate differentially in case and control populations.
Unfortunately, despite many past successes, much of the heritability of complex diseases has not yet been identified through genome-wide association studies (Maher 2008) . For diseases with complex genetic architectures that include effects from multiple loci and/or environmental factors, the penetrance associated with each specific allele may be low so selecting samples through their phenotype may not sufficiently enrich the concentration of DPA in cases compared with controls. For common alleles, power to detect associations may still be sufficient because the marker alleles that are included in most GWAS platforms are common and can adequately tag the DPA. For uncommon DPA that occur in less than 5% of the population, random selection of cases may not yield adequate power because of the low resulting linkage disequilibrium between the rare disease predisposing allele and the more common marker allele frequency. The resulting mismatch in allele frequency between the marker and DPA places an upper bound on the extent of correlation (r 2 ) that can occur between the two loci (Amos 2007) . This limits, sometimes dramatically, the power of randomly selected cases for genome-wide association studies.
For complex diseases, patients with one or more affected relatives are more likely to inherit a DPA than patients without a family history of the disease (Matakidou et al. 2005) . Although it is expensive and sometimes impractical (e.g. for late-onset diseases such as most cancers) to collect genotypes of relatives of patients, the affection statuses of these relatives, namely family histories of patients, are usually available and provide useful information about the occurrence of DPA for case-control association studies. More specifically, sampling patients with affected relatives almost always increases the frequency of DPA in cases and thus improves the statistical power of case-control association studies (Houlston and Peto 2003; Amos 2007) . Although this strategy has been successfully used in practice (Rudd et al. 2006; Easton et al. 2007; Eeles et al. 2008; Gold et al. 2008) , there has been only a limited study and no explicit power calculator on the statistical advantage of sampling cases based on their family histories. In this article, we developed a statistical model that evaluates the power of case-control studies that select cases and/or controls according to their family histories of disease. We compared the relative usefulness of different types of family history by comparing the sample sizes required for case-control studies with different family histories for different types of diseases to achieve the same statistical power.
Methods
Following a statistical model of case-control association studies employed by Skol et al. (2006) , we assume N 1 cases and N 2 controls are genotyped. A genetic disease is caused by a DPA x at a diallelic locus with disease allele frequency p. The penetrances of different genotypes XX, Xx and xx are derived from the disease prevalence, genotype relative risk, and genetic model (e.g. additive or dominant). In a standard case-control association study without family history information, the true allele frequencies in cases and controls (p 1 = Pr (xx|affected) ? Pr (Xx|affected)/2 and p 2 = Pr (XX|affected) ? Pr (Xx|affected)/2, respectively) can be determined from genotype frequency, disease prevalence, and the genotype penetrance such as Pr (affected|xx) using a Bayesian formula. We assume HardyWeinberg equilibrium at the disease predisposing loci.
To evaluate the evidence for association, letp 1 andp 2 be the estimated risk allele frequencies in cases and controls, respectively, and define test statistic
using a two-sample z test. z follows a standard normal distribution under the null hypothesis of no association.
Because the true distribution (under the alternative hypothesis) of z follows an approximate normal distribution with mean
and variance 1, the power of this statistical test is
is the cumulative distribution function for the standard normal distribution evaluated at x and z a = U -1 (1 -a) . In all examples presented in this paper, we set a = 10 -7 , representing a genome-wide significance level of 0.05 with a Bonferroni-correction for a genome-wide association study of 500,000 markers.
Our power analysis differs from this standard analysis in a key aspect in that the family histories of samples are known so instead of calculating Pr (genotype|affected) for the probands, we calculate the probability of each genotype of a proband conditional on the affection statuses of all of his or her relatives. Theoretical calculation of such probabilities is possible for simple cases such as cases with one affected sibling, but quickly becomes formidable as the number of relatives increases. We developed a computer program to calculate this probability by accumulating probabilities across all possible genotypes with a given pedigree structure. More specifically, we calculated Pr all genotype ð Þand Pr affection status j all genotype ð Þ for all possible genotypes of involved individuals. For example, conditioning on genotype of a proband, we calculated the probability of having a particular pedigree type as
where AFF is the pedigree affection status such as a case with two affected parents. Such probabilities were then used to calculate expected genotype frequencies such as
where geno calculates over all possible genotypes of the pedigree. If a sample has cases with different family histories, we calculated p 2 ¼ PrðxxjAFF 1 ; AFF 2 . . .Þ as a weighted average of p 2i ¼ PrðxxjAFF i Þ according to the number of cases with each type of family history. We implemented our model in a power calculation tool named caseControlPower.py in Python. In the computer program, we allow for the existence of a marker locus in close vicinity to the disease predisposing locus. Marker allele frequency and linkage disequilibrium (D 0 or R2) can be assigned so that statistical power is affected by linkage disequilibrium between marker and disease loci. We also allow for a mixture of pedigree types in the specification of cases and controls (e.g. 1,000 cases without family history information and 1,000 cases with an affected sibling). In addition to power analysis, this program can be used to calculate minimal sample sizes for a given power (with a fixed number of cases, controls or ratio of the number of cases to the number of controls), and the minimum detectable relative risk for given sample sizes. These features make the program practical in real-world studies, but they are not discussed in this article because they do not change our major results. We validated the non-familial cases with CaTS (Skol et al. 2006 ) and simple familial cases with results presented in Houlston and Peto (2003) . This tool is available on the ''miscellaneous'' page of the simuPOP online cookbook (http://simupop.sourceforge. net/cookbook). It uses simuPOP (a general-purpose individual-based forward-time simulation environment) for its graphical user interface and probability functions and can be used with a graphical user interface, a command line, or by importing this module from another Python script.
Results
We aimed to compare the power of a case-control association study with known family histories with a standard case-control association study. We focused on family history of two generations, which we denoted according to affection status of father, mother, proband and his or her siblings. We used symbols u, a and * for unaffected, affected, and unknown affection status, respectively, with the first two places indicating the statuses of the two parents, followed by the statuses of the proband and then his or her siblings. For example, **a indicates standard patients with unknown parental affection statuses, whereas uuaa stands for a case with unaffected parents and an affected sibling.
For a relatively common disease (with a prevalence of 0.1) caused by a single DPA with an additive effect, a case-control study of probands having affected siblings or parents is much more powerful than a regular case-control association study (Fig. 1) . For example, if the frequency of a DPA with a relatively high genotype relative risk 1.4 is 0.05, the statistical power of detecting the DPA is 0.5% for a regular case-control association study of 1,000 cases and 1,000 controls (at the significance level 10 -7 ), 12.7% for cases with one affected sibling, and 65.0% for cases with an additional affected parent. It requires 5,045, 2,169, and 1,166 cases along with equal numbers of controls, respectively, to achieve the same statistical power of 80% for these three study designs (Fig. 1) .
Factors that influence the relative power of different family histories of disease include the type of family history and characteristics of the disease such as disease allele frequency, genotype relative risk, genetic model, and population prevalence. To quantify the relative usefulness Allele frequency Allele frequency Allele frequency **a **aa *aaa Fig. 1 Statistical power for 1,000 cases and 1,000 controls (top) and number of cases (with equal number of controls) required to achieve a power of 80% (bottom) for three different genotype relative risks (1.2, 1.3, and 1.4) using three casecontrol study designs: a standard design of samples with no family history (**a), a design of cases with one affected sibling (**aa), and a design of cases with one affected parent and one affected sibling (*aaa). The disease is assumed to be caused by a DPA having an additive effect. The population prevalence of the disease is 0.1 Hum Genet (2010) 127:699-704 701 of family history in improving the power in the identification of DPA, we calculated the sample sizes required for case-control studies with different family histories to achieve the same statistical power of 80% (N case control with matching number of cases and controls) for different types of diseases. Table 1 lists the numbers of cases for standard case control studies (with the family history types **a and **u) and the ratios of the standard sample sizes to the sample sizes required for different types of family histories k
Types of family histories considered include cases with unaffected parents (uua), cases with one affected sibling (**aa) as well as cases with an affected parent and one (auaa) or two (auaaa) affected siblings. Although vastly different numbers of samples are required and the ratios differ between different disease types, each additional affected parent or sibling reduced the required sample size roughly by a pair of case and control in a regular case-control association study.
This result is quite striking, considering that each affected relative could replace roughly a pair of regular case and control, without using genotype information of these relatives. If all cases in a case-control study have three affected relatives, the numbers of cases and controls required to achieve the statistical power of 80% would be only one-sixth of those required for a regular case-control study. As a matter of fact, if the number of controls remains unchanged in a regular case-control study, only 7-35% of the cases are required to achieve the same 80% statistical power using the disease types listed in Table 1 (data not shown). This could be explained by the fact that cases with affected relatives have higher concentration of DPA, resulting in larger difference between frequencies of DPA ÃÃu ; number of cases (with equal number of controls) required to achieve a statistical power of 80% using a standard case-control design; k ; ratio of the sample size required for a standard case-control design to that required for a case-control study of cases and controls with specified family histories. Equal numbers of cases and controls were used for all analyses in cases and controls than a regular case control study. In contrast, in a regular case control study, larger sample size leads to smaller variances, which is a less efficient method of improving statistical power. For example, in the case of an additive disease with a prevalence of 0.01, a disease allele frequency of 10% and a genotype relative risk of 1.5, the expected disease allele frequencies in controls, regular cases, and cases with an affected sibling are 9.96, 14.09 and 16.75%, respectively. The availability of family history information increases the allele frequency difference between cases and controls from 4.13 to 6.79% and boosts the test statistic from 4.03 to 6.35 with a slight increase in the standard deviation from 0.0103 to 0.0107. This increases the statistical power from 9.7 to 84.7%. In contrast, adding another 1,000 standard cases and controls decreases the standard deviation from 0.0103 to 0.0073 and results in a test statistics of 5.69 and an improved power of 64.3%.
Discussion
The same mathematical analysis can be applied to controls and it is easy to prove that using controls with no affected relatives (for example families with history types uuu or **uu) provides slightly better statistical power than using controls without family history information. As shown in Table 1 , smaller sample sizes are required for studies using controls with no affected relatives than studies using controls without family history information. The percentage of decreased sample sizes for each unaffected relative approximately equals to the disease prevalence, which can be high for some diseases.
For cases with affected relatives, one affected relative could reduce the required sample size by roughly one pair of case and control because k Á to achieve the same statistical power. We considered patients with one to four affected siblings and unknown parental affection status (from **aa to **aaaaa). For each type of family history, we considered additive diseases with prevalences (K) of 0.1, 0.02; disease allele frequencies from 0.02 to 0.14; genotype relative risks from 1.1 to 1.9, significance levels from 10 -4 to 10 -7
, and expected statistical power from 30 to 90%. For clarity purposes, only selected cases are plotted in each figure. If unspecified, a disease prevalence of 0.02, disease allele frequency of 0.1, significance level of 10 -7
, and an expected statistical power of 80% are assumed approximately twice the number of affected relatives. This is an approximate, and mostly conservative, estimate for cases with one or two affected relatives using typical parameter settings. When the number of affected relatives increases, this ratio increases rapidly, especially when the DPA has relatively high genotype relative risks and low allele frequency. The expected power and significance level also affect the number of samples required for both regular case control study and studies with known family histories, but only expected statistical power markedly affects the ratio of required sample sizes (Fig. 2) . Although patients with more than two family members affected by the disease being studied are relatively rare, they should be included in case control association studies with the highest possible priority because of their exceptionally high contributions to the statistical power of such studies. Although our power analysis is based on a single-locus disease model, the results are applicable to more complex disease models with multiple interacting genetic and environmental risk factors with different effect sizes. More specifically, our model models the marginal effect of single disease predisposing locus where all other genetic and environmental risk factors are considered to be confounding factors that tend to decrease genotype relative risk at the locus under study. For example, if a common disease is caused by multiple rare alleles at different disease predisposing loci, each with relatively high levels of penetrance [the common disease rare variant hypothesis (Fearnhead et al. 2005) ], the disease would be caused by rare genetic variants with relatively high genotype relative risk at each disease predisposing locus. Because such DPA tend to be site-specific (Simchoni et al. 2006) , family history is an important indicator of whether a patient carries a DPA or not. Our analysis showed that the sample size required to detect such a rare but highly penetrant DPA can decrease dramatically if samples with multiple affected relatives are sampled.
